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ABSTRACT This study aims to deﬁne the role of E-cadherin (Ecad) engagement in cell-cell contact during membrane-cortex
interaction. As a tool, we used a hydrodynamic membrane tube extrusion technique to characterize the mechanical interaction
between the plasma membrane and the underlying cortical cytoskeleton. Cells were anchored on 4.5 mm beads coated with
polylysine (PL) to obtain nonspeciﬁc cell adhesion or with an antibody against Ecad to mimic speciﬁc Ecad-mediated cell adhe-
sion. We investigated tube length dynamics L(t) over time and through successive extrusions applied to the cell at regular time
intervals. A constant slow velocity was observed for the ﬁrst extrusion, for PL-attached cells. Subsequent extrusions had two
phases: an initial high-velocity regime followed by a low-velocity regime. Successive extrusions gradually weakened the binding
of the membrane around the tube neck to the underlying cortical cytoskeleton. Cells speciﬁcally attached via Ecad ﬁrst exhibited
a very low extrusion velocity regime followed by a faster extrusion regime similar to nonspeciﬁc extrusion. This indicates that
Ecad strengthens the membrane-cortical cytoskeleton interaction, but only in a restricted area corresponding to the site of
contact between the cell and the bead. Occasional giant ‘‘cortex’’ tubes were extruded with speciﬁcally anchored cells, demon-
strating that the cortex remained tightly bound to the membrane through Ecad-mediated adhesion at the contact site.INTRODUCTION
Cell adhesion is known to play a key role in determining
embryo shape. The body plan is achieved through tight spatio-
temporal regulation of adhesive mechanisms during cell sort-
ing and tissue remodeling. Adhesive processes have been
analyzed extensively during all phases of embryonic develop-
ment. Cell adhesion contributes to all primary cell processes,
including cell proliferation, survival, migration, and differen-
tiation, by regulating gene expression. Cell adhesion is also
a key part of adult homeostasis and plays well-established
roles in immune responses, inflammation, and tissue repair.
Cadherins are the major receptors controlling intercellular
adhesion (1,2). Members of the cadherin superfamily play
key roles in controlling cell shape and polarity. Classical cad-
herins are transmembrane adhesion receptors that mediate
homophilic trans interactions between cells via their extracel-
lular domain. The cytoplasmic domains of classical cadherins
transmit adhesive signals by recruiting b-catenin, a-catenin,
and eplin proteins, facilitating binding to cortical actin micro-
filaments (3). These adhesive complexes also contain
signaling molecules and other actin-binding proteins involved
in actin cytoskeleton dynamics (for review (4–6,7)). The
lateral clustering of cadherins and their association with other
receptors in the membrane, together with the recruitment of
enzymatic and structural partners, promote the formation
and regulation of specialized cell membrane domains, such
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0006-3495/09/03/2457/9 $2.00as neuronal synapses (8), adherent junctions, and desmosomes
(9–11 and 12). The expression of various cadherin subtypes
promotes specific cell sorting (13,14 and 15) and intercellular
adhesion of variable strength, as shown by measurements of
separation force (16). E-cadherin (Ecad)-mediated adhesion
is considerably strengthened by connection to the actin cyto-
skeleton (17). In cell monolayers, cadherins are not uniformly
distributed along the intercellular boundaries, but instead form
supramolecular adhesive clusters enriched in actin microfila-
ments (4,18). Although the intercellular boundaries are highly
dynamic, the adhesion complexes enable the cells to remain
connected during contact remodeling and are often the last
structures to be disrupted during cell rounding before detach-
ment or dispersion from monolayers (19).
Mechanical connections occur between the plasma
membrane and the underlying cytoskeleton through discrete
membrane-cortex binders. One of the well-described
membrane-cortex binders is ezrin. Ezrin is a multidomain
protein that, after activation, can bind PIP2 at its amino-
terminus and actin at its carboxy-terminus (20). The amount
of PIP2 in the cell is enough to completely seal the plasma
membrane-cortex against the outward pressure, working to
inflate the membrane (21,22). Actin cortex-plasmamembrane
coupling through ezrin occurs through several relativelyweak,
albeit dynamic, actin-ezrin-PIP2 interactions. Themembrane-
cortex coupling appears to be essential for control of the lateral
diffusion of receptors (23,24), membrane dynamics and endo-
cytosis (22), cell division, cytoskeletal organization, cell
spreading, and cell sorting (25–27). However, the role of these
connections in cadherin-mediated cell adhesion remains
unclear (3,28). To investigate this coupling, a cellular peeling
test based on the extrusion of membrane tubes can be used.
Membrane tubes or tethers (also known as retraction fibers
doi: 10.1016/j.bpj.2008.11.059
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cell-matrix adhesion or intercellular adhesion (29) (Y. S. Chu,
UMR 144, personal communication, 2005), and clusters of
adhesion complexes can be found at the tip of thesemembrane
tubes. Since the publication of Hochmuth et al.’s (30) pioneer-
ing work, tube extrusion has been widely studied in diverse
cell types, including erythrocytes (31–33), neutrophils
(34–36), neurons (37), and hair cells (38). It is now clear
that membrane tether extrusion involves the detachment of
the membrane from the cortex (31,39,40). The extrusion force
can be expressed as follows (41):
f 3  ff 20 ¼ ð2pÞ32k2nhe _L lnR=rc; (1)
where f0 is the static extrusion force (22), k is the membrane
curvature modulus, n is the density of membrane/cortex
binders (we can estimate n ~ 1014 m2 from the typical
mesh size of the cortex (42)), he is the surface viscosity asso-
ciated with lipid permeation through membrane proteins
bound to the cortex and the slippage of the membrane on
the cortex (43), _L is the extrusion velocity, R is the radius of
the cell, and rc is the radius of the proximal region near the
neck of the tube in which cortex-binding membrane proteins
are detached at higher extrusion velocities (see below and
Fig. 6). From Eq. 1, one can derive the membrane/cortex
adhesion energy from f0, and the friction of lipids through
the binders, leading to a measurement of their density n.
Cadherin-mediated intercellular adhesion induces local
changes in cortex organization. We aimed to determine the
extent to which cadherins affect mechanical links between
the membrane and cortex from tube extrusion dynamics. We
used a hydrodynamic technique to extrude tubes from S180
cells or cells stably expressing Ecad. The cell was anchored
to an adherent microbead held by a micropipette, and sub-
jected to flow in a microchannel. As the Stokes friction force
carried the cell away, a membrane tube attached to the bead
was extruded from the cell body. This hydrodynamic extrusion
technique canbe used to extrude tubes at awide range of forces
without the need for a force transducer (30). We compared
tube extrusion from cells anchored to the bead via 1), nonspe-
cific electrostatic interactions; and 2), Ecad-specific binding.
MATERIALS AND METHODS
Cell lines
Ecad and Ecad-Dcyto cells are S180 cells that are stably transfected to
produce Ecad and Ecad without its cytoplasmic domain, respectively. Ecad
cells have been described elsewhere (44). The parental S180 cells do not
express cadherin and do not exhibit any intercellular adhesion. Cells were
cultured at 37C under an atmosphere containing 5% CO2 in Dulbecco’s
modified Eagle’s medium (DMEM; Invitrogen, Carlsbad, CA) supplemented
with 10% fetal bovine serum (FBS; Invitrogen, Carlsbad, CA), 2 mM gluta-
mine, 100 U/mL penicillin, and 100 mg/mL streptomycin. Confluent cultures
were routinely split after treatment with 0.05% trypsin þ 0.02% EDTA in
PBS. Before tube extrusion experiments were performed, the cells were iso-
lated as previously described (45,46). Theywere treated with trypsin-calciumBiophysical Journal 96(6) 2457–2465buffer (0.01% trypsin typeXI (Sigma)þ 10mMcalcium) and dissociated into
single cells by pipetting. The single cells were resuspended in working
medium (CO2 independent medium (Invitrogen) containing 1% FBS) for
immediate use.
Cell-bead complex preparation
We used 4.5 mm beads (Dynabeads, M-450 goat anti-mouse IgG; Dynal
ASA, Oslo, Norway), coated with specific antibodies recognizing the extra-
cellular domain of Ecad: 7D6 monoclonal antibody (Developmental Studies
Hybridoma Bank, Iowa City, IA) for Ecad cells or ECCD2 rat monoclonal
antibody (Takara, Shiga, Japan) for Ecad-Dcyto cells. Blocking antibodies
have been shown to mimic the adhesive activity of cadherin (47) and can
trigger cadherin-mediated cortical cytoskeleton reorganization. We used
polystyrene beads with a diameter of 4.5 mm (Polybead; BioValley, Alsace,
France) incubated for 40 min in 0.01% poly-L-lysine solution (Sigma,
St. Louis, MO) for nonspecific cell adhesion. Cells were incubated with
beads in working medium at 37C for 40 min before the experiment.
Hydrodynamic tube extrusion
Glass micropipettes were prepared from glass capillaries with a horizontal
laser pipette puller (P-2000; Sutter Instruments, Novato, CA). Tips were
cut and fire-polished to give an internal diameter of 3 mm, using a forging
machine (Micro Forge MF-830; Narishige Scientific Instruments Labora-
tory, Tokyo, Japan).
The microchannel was assembled from a transparent groove-molded sheet
of polydimethylsiloxane (PDMS) and a glass coverslip. The channel (section
~150  103 mm2, length ~1 cm) was immersed in and filled with working
medium in a petri dish and connected to a motorized pumping syringe,
providing a controlled flow velocity. Experiments were carried out at
a temperature of 37C, maintained using the built-in heating stage of the
microscope (Leica, Weitzlar, Germany).
A hydraulic micropipette micromanipulator (Narishige Scientific Instru-
ments Laboratory, Tokyo, Japan) was used to introduce cell-bead complexes
into themicrochannel, where theywere subjected to flow atU¼ 400mm/s for
nonspecifically anchored cells and U ¼ 500 mm/s for cells specifically
anchored to the beads via Ecad. In these conditions, the Reynolds number
is Re< 1, inertia can be neglected, and the extrusion force equals the friction
force on the cell. The friction force is given by the Stokes relationship:
f ¼ 6phRðU  _LÞ, where h is the surrounding water viscosity, R is the cell
radius, and _L is the cell velocity. In general, _L does not exceed 10% of U,
so friction force is assumed to depend weakly on extrusion velocity, giving
f¼ 80 pN. The extrusion force is thus simply proportional to the flow velocity
U. Tube extrusion dynamicsweremonitored by transmissionmicroscopy and
recorded on videotape with a CCD camera (Sony, Tokyo, Japan). The
sequences of interest were digitized and analyzed using Scion Image software
(Scion, Frederick, MD).
Each cell was subjected to a hydrodynamic flow at constant velocity
U. During flow, the cell is carried away at a velocity _L, the tube extrusion
velocity. A membrane tube of length L anchors the cell to the bead held
by the micropipette (Fig. 1). As the flow U is stopped, the tube retracts
and the cell is pulled back to the bead. This process was repeated for n cycles
of applied hydrodynamic flow at identical and constant velocityU, separated
by a resting interval of 30 s, until the tube broke. The membrane into the tube
comes mainly from the reservoir of membrane located in the wrinkles and
cell surface microprotrusions.
RESULTS
Nonspeciﬁc cell anchorage
Parental S180 cells attached to polylysine (PL)-coated beads
were subjected to cyclic tube extrusion. Tube length L is
E-Cadherin and Membrane-Cortex Binding 2459plotted against time for each extrusion cycle n in Fig. 2 A. For
the first cycle, n ¼ 1, the extrusion profile was frequently
approximately linear. With increasing n, we observed an
increase in extrusion velocity during an initial stage of tube
extrusion (first regime (FR)), whichwas followed by a second
regime (SR) of lower extrusion velocity (Fig. 2 D). We
increased the maximal length of the extruded tubes gradually,
within the cycle number n, to avoid occasional tube ruptures
during the extrusion cycle, which were otherwise frequent.
FR extrusion velocity and FR/SR transition tube length
L(FR/SR)n increased progressively with n (Fig. 2, D and G),
whereas SR extrusion velocity remained approximately
constant (Fig. 2 D). Thus, tube extrusion at cycle n affected
the integrity of cortex/membrane coupling over a limited
cell surface area proportional to the surface of extruded tube
of length L(max)n. This can be detected by the linear correlation
between the previously extruded tube length L(max)n1 and the
transition length between FR and SR at the following cycle
L(FR/SR)n (Fig. 3 A).
We investigated the possible effects of Ecad molecules
that were not involved in specific adhesion at the cell surface
by studying cells that produced Ecad anchored on PL-coated
beads. The Ecad-producing cells behaved in a manner qual-
itatively similar to that of S180 cells, with two successive
extrusion regimes FR and SR (Fig. 2 B). The FR velocity
increasing with n (Fig. 2 E) and a similar correlation between
L(FR/SR)n and L(max)n1 (see Fig. 3 B) is similar.
Thus, cortex/membrane coupling was similar in the two cell
clones when cadherins were not involved in cell-bead adhesion.
Ecad-speciﬁc anchorage
Weassessed the effect ofmembrane/cortex coupling involving
Ecad-mediated adhesion, usingEcad cells anchored to specific
antibody-coated beads.
FIGURE 1 Diagram (A) and videomicrograph (B) of a tube extrusion
from an S180 cell. The anchored bead is held by a suction micropipette
and is coated with either PL or an antibody specific for Ecad, inducing
cortical cytoskeleton reorganization. The membrane tether is not visible
under these experimental conditions. The variable of interest is the velocity
of tube extrusion ( _L) at the observed tube length (L).We distinguished two major groups of cells on the basis of
differences in behavior from the first cycle of extrusion. In
one group (Fig. 4 A, Peak 2), tube extrusion velocity was
within the same range as extrusion velocities for the nonspe-
cifically anchored cells (Fig. 4 B). This pattern is referred to
hereafter as the regular resistance (RR) regime. By contrast,
the other group (Fig. 4 A, Peak 1) displayed an additional
very slow extrusion velocity regime (referred to hereafter
as the high resistance (HR) regime). This regime was fol-
lowed by a faster extrusion velocity regime similar to the
RR regime (Figs. 4 A, inset, and 5 A). The HR regime was
also observed in subsequent cycles (Fig. 5 B). The transition
length between these two regimes was ~4.2 mm for both
cycles 1 and 2 (Fig. 5 C).
We further assessed the role of the cytoplasmic domain of
cadherins in the development of the HR regime by studying
cells that produced a mutant form of cadherin with a deletion
in the cytoplasmic domain (Ecad-Dcyto cells) anchored on
specific antibody-coated beads. The tube extrusion dynamics
of these cells did not differ significantly from those of nonspe-
cifically anchored cells (Fig. 2, C and F). Thus, the cyto-
plasmic domain of the Ecad molecule is clearly required for
the observed increase in resistance of the cell to tube extrusion.
DISCUSSION
Progressive release of membrane binding
As shown in a previous study on red blood cells (31), for
a constant extrusion velocity, the membrane flow from the
cell body to the tube can be divided into two distinct regions:
a distal permeation region and aproximal sliding region. In this
model,which can be applied to various cell types (41), the flow
velocity of lipids decreases with increasing distance from the
tube neck (Fig. 6 A). In the distal region, lipids flow at a low
velocity and do not damage the membrane/cortex binders.
Lipids flow by permeation through the network of binders,
leading to considerable viscous dissipation. In the proximal
region, near the neck of the tube, lipid velocity is high enough
to break the bonds between the membrane and the cytoskel-
eton; both lipids and binders slip on the cortex, resulting in
a small contribution to viscous dissipation (Fig. 6 B).
Coupling between the membrane and cytoskeleton is intact
before tube extrusion begins. The first tube extrusion is there-
fore governed by permeation in the distal region and accom-
panied by the detachment of binders in the proximal region,
resulting in roughly linear tube growth, as observed in
Fig. 2, A–C, with no distinguishable regimes (Fig. 2, D–F).
During tube retraction, the extruded membrane flows back
into the cell body. If binders remain bound during extrusion,
the cell returns to its initial state. Conversely, if binders are
detached in the proximal region, the retracted membrane is
only partially attached close to the tube neck. The cortex is
a dynamic structure, so only a fraction of binders reassociate
during the short Dt interval. The development of FR may beBiophysical Journal 96(6) 2457–2465
2460 Tabdanov et al.FIGURE 2 Plots of tube length against time for successive extrusion-retraction cycles separated by 30 s intervals. Numbers on profiles correspond to cycle
number. (A) PL-anchored S180 cell. (B) PL-anchored Ecad cell. (C) Ecad-Dcyto cell anchored via antibodies specific for the extracellular domain of Ecad.
Extrusion velocity is plotted against cycle number n for FR rates (,) and SR rates (-) for S180 (D), Ecad (E) and Ecad-Dcyto cells (F). (G–I) FR to SR
transition tube length LFR/SR and the average of maximal tubes lengths for Ecad, S180, and Ecad-Dcyto cells, respectively, versus n. The midpoint in the tran-
sitional tube length interval was used as the transition point (30, 35, and 12 cells tested, respectively). Error bars represent the standard errors. *** p< 0.001, **
p < 0.01, and * p < 0.06. The red asterisk marks the statistical difference between the FR and SR of the same cycle. The black and gray asterisks mark the
statistical difference between values of the cycle n with n1 (D–G) or with the first cycle (H and I).accounted for by the incomplete reestablishment of
membrane-cytoskeleton binding during the 30-s interval
between extrusion cycles. Moreover, as shown in Fig. 2, A
and B, and Fig. S1 in the Supporting Material, tube retraction
slows down with increasing cycle number n. Furthermore,
tube retraction is clearly incomplete (retraction reaching
zero velocity for nonzero tube length) for nR 5 (see Fig. 2,
A–C, and Fig. S1). The decrease in tube retraction velocity
reflects a decrease in retraction force, possibly accounted
for by a decrease in tube membrane tension over successive
cycles. This decrease in tube membrane tension may result
from incomplete membrane reincorporation and its gradualBiophysical Journal 96(6) 2457–2465accumulation within a growing proximal zone, in which the
membrane remains partially detached.
In this context, the increase in extrusion velocity _L
Y
FR and
transition length L(FR/SR)n with n indicates that membrane/
cortex coupling is affected in two ways over successive
extrusion cycles: 1), the membrane cytoskeleton binder
density in the proximal region gradually decreases (see
Fig. 6 B, arrows); and 2), the growth of this zone is propor-
tional to the length of the previous tube (as shown in Fig. 3).
Extrusion velocity remains fairly constant during the SR
regime (see Fig. 2, D–F) and tube lengths overlap in this
regime during serial extrusion (see Fig. 2, G–I). Thus, once
E-Cadherin and Membrane-Cortex Binding 2461FIGURE 3 Correlation between L(max)n-1 of cycle n-1
and the length of transition between FR and SR L(FR/SR)n
of cycle n for S180 (A) and Ecad cells (B), attached to
PL-coated beads. As shown by the linear fit, L(FR/SR)n is
smaller but proportional to L(max)n-1 (39 S180 cells and
13 Ecad cells tested).the reservoir ofmembrane that isweakly attached to the cortex
has been extruded during the FR regime, subsequent extru-
sion is governed by the permeation of lipids through the distal
region, unaffected by previous extrusions.
FIGURE 4 Comparison of extrusion velocity distribution for Ecad cells
anchored to 7D6-coated beads (A) and for S180 cells anchored on PL-coated
beads (B) at the first cycle. The distribution of the extrusion velocities
measured for specifically anchored Ecad cells reveals two peaks. Peak 2 is
localized at the same velocity range as the peak observed for the nonspecific
anchorage. Peak 1 shows the group of specifically anchored Ecad cells dis-
playing a very slow extrusion velocity regime (HR) during the initial phase
of tube extrusion, which is followed by a faster extrusion velocity regime RR
(inset in A) similar to that of the nonspecific anchorage.Taking into account that f remains constant during all the
cycles n, one can deduce the evolution of the binders’ density
from Eq. 1 by comparing the velocity of extrusion for FR and
SR regimes. Eq. 1 gives nn ¼ n0 _L0/ _Ln (see Fig. 7). It is clear
FIGURE 5 (A) Plots of tube length against time for an Ecad cell/Ecad
bead extrusion exhibiting HR and RR regimes (first cycle). (Inset) Detailed
tether extrusion profile for the HR regime. The arrowhead indicates the tran-
sition from highly resistant to regular resistant tether extrusion. (B) Tether
extrusion rates for the HR and RR regimes for cycles 1 and 2. (C) Transition
point L(FR/SR)n between HR and RR regimes for cycles 1 and 2. Error bars
represent the standard errors (120 cells tested).Biophysical Journal 96(6) 2457–2465
Tabdanov et al.that nn falls by a large factor after the first extrusion and less
for the following extrusions. As nn decreases, the friction on
the binders decreases and the tear out is reduced or stopped.
FIGURE 6 Schematic diagram of a cross section of the tube extrusion site.
Lipid flow field V(R) at the tube neck (A) and model of the membrane/
cortical cytoskeleton interaction modes at the proximal and distal regions
around the extruded tube (B). The proximal region consists in a partially
detached plasma membrane surface, surrounded by the intact distal region.
The proximal region grows with cycle number (arrows).
FIGURE 7 Plot of the _L
Y
FRð1Þ= _L
Y
FRðnÞynn=n1 ratio (normalized binder
density; n1 is the density of binders in the first cycle, and nn is the density
of binders for cycle n). The ratio decreases with cycle number for S180
cells/PL-beads, Ecad cells/PL-beads, and Ecad-Dcyto/Ab-beads.
2462Biophysical Journal 96(6) 2457–2465In addition to extrusions at a time intervalDt¼ 30 s,we also
performed extrusions at higherDt values. For time intervals of
2 min between extrusion cycles, extrusion did not become
easier over successive cycles, as reported for Dt ¼ 30 s
(Fig. S2), indicating that the membrane reattaches to the
cortex within 2 min.
Role of speciﬁc adhesion
The strengthening of Ecad-mediated cell-cell contact has been
shown to reach a plateau at ~40min (46).Weallowed cell-bead
contact to develop for 40 min before performing the extrusion
experiments, to prevent excessive scattering of results due to
the development of cell-bead adhesion complexes.
Extrusion cycleswith a higher flowvelocity (U¼ 500mm/s)
were required for successful tube extrusion in a significant
number of trials when the cells were anchored via specific cad-
herin interactions. Cortex/membrane adhesion energy was
therefore higher than that for the nonspecific adhesion case.
We usually first observed a very low extrusion velocity regime
(HR) with high resistance to tube extrusion (Fig. 5 A), up to
a tube lengthLHRn ~ 4.2mm(Fig. 5C). Based on these data,we
can estimate the cortex area restructured by interaction with
Ecad. Assuming the membrane tube diameter d ~ 30 nm
(d is derived from the classical relation d ¼ 4pkmf1, where
km is the membrane curvature modulus of order 50 kT (30),),
we obtain a surface area ~0.4 mm2. In addition, step-like
tube growth was observed during the HR regime, suggesting
a strong disturbance of lipid flow in this region (Fig. 5A, inset).
These observations indicate that Ecad-mediated cytoskel-
eton modification is a local phenomenon, and that membrane
flow is strongly disturbed in Ecad-specific adhesion patches.
Local Ecad-mediated cytoskeleton modification may reflect
the ability of cells to adapt to the microenvironment with
a very high degree of spatial accuracy, allowing them to inte-
grate very fine spatial adhesion cues to establishmorphological
features, such as neuronal synapses (8). TheHR regimemaybe
interpreted as a progressive disruption of the strong cadherin-
cortex connection. The force corresponding to the step-like
tube growth is used to detach the membrane from the tightly
associated underlying cortex, using an energyWcad. Wcad can
be estimated from the conservation of energy fL ¼ pdLWcad.
With f, the Stokes force ¼ 80 pN for U ¼ 500 mm/s, and
d ~ 30 nm, it gives Wcad ~ 0.8 mN/m. This energy is much
greater than the typical nonspecific membrane/cortex energy,
which we have deduced from the measurement of f0, the static
extrusion force, and is on the order of 0.1 mN/m (Fig. S3)
(35,48). It is interesting to compare this value with the energy
of rupture of Ecad cell doublets measured in dual pipette
assays. For a rupture force fR¼ 200 nN, the intercellular adhe-
sion energyW can be estimated at 8 mN/m using de Gennes’s
formula fR¼pRW, whereR is the cell radius. It hasbeen shown
that the cadherin-cytoskeleton coupling is crucial (46). W is
divided by a factor of 50 for mutated cadherins (Ecad-Dcyto
cell doublets) (see (50)).
E-Cadherin and Membrane-Cortex Binding 2463By contrast, the extrusion velocity for the RR regimewas in
the same range as that for PL-mediated anchored cells (Fig. 4
and Fig. S4). We detected an increase in _L
Y
RR with increasing
n, consistent with a similar pattern of a progressive degrada-
tion of membrane/cortex coupling (see Fig. 5 B). However,
extruded tubes for cells specifically anchored via Ecad were
more fragile than nonspecifically anchored Ecad cells. The
mean maximum tube length before rupture was shorter than
for the other cases (see Fig. 8 A). This phenomenon was
accompanied by frequent tube disruptions, limiting the
mean number of tubes per cell to two (Fig. 8 B). These obser-
vations reveal a correlation between high resistance to lipid
flow and tube fragility. The second tube extrusion also dis-
played an HR regime, suggesting that Ecad-mediated cortex
adhesion to the membrane recovered after the first cycle of
extrusion and retraction (Figs. 4, C and D, and 5 B). The
half-life of cadherin-catenin-cytoskeleton complexes has not
been established; however, these complexes may be highly
FIGURE 8 Mean tube length (A) and mean extrusion cycle number (B)
before tube rupture for S180 and Ecad cells/PL-beads, and for Ecad and
Ecad-Dcyto cells/Ab-beads. Error bars represent the standard errors.
*** p < 0.001.dynamic, as cadherin and actin have half-lives of ~10 s (49),
suggesting that these complexes may reform rapidly after
binder detachment.
Alternatively, upon Ecad-mediated cell/bead contact, the
membrane pulling may result in the formation of a cortical
tube. We observed this phenomenon in a minority of cells
(eight of the 93 cells tested) that formed short giant tubes of
radius rc with a length of ~2 mm (see Fig. 9). The formation
of such protrusions suggests that these tubes are ‘‘cortex’’
tubes. They demonstrate strong binding of the bead to the
cortex via cadherin molecules. Assuming that the cortex
behaves like a viscoelastic sheet, we can estimate a curvature
modulus kc from rc ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
kc=2sc
p
(53), where sc is the cortical
tension. Using s ~ 3 105 Nm1, a typical value for cortical
tension (51,52), and rc¼ 2 mm, we obtain kcy2:4 1016J,
which is a thousand times larger than the membrane curvature
modulus. This value of kc corresponds to the curvature
modulus of a shell of elastic modulus E on the order of 104
Pa (54,55) and thickness h on the order of 0.5 mm (kc ~ Eh
3/9
(56) for an incompressible layer).
FIGURE 9 Videomicrographs (A) and schematic representation (B) of the
cortical tubes extracted from Ecad cells/Ab-beads.Biophysical Journal 96(6) 2457–2465
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Membrane tube extrusion with S180 cells revealed the forma-
tion of two spatially different regions on the cell surface,
characterized by different regimes of tube growth. The devel-
opment of the initial fast extrusion velocity regime (FR)
through extrusion cycles separated by short time intervals
(Dt ~ 30 s) indicates the gradual and irreversible detachment
of the plasma membrane from the cortical cytoskeleton and
membrane accumulation at the extrusion site. Slowmembrane
flow (SR) indicates the persistence of an intact distal regime.
For long intervals between extrusion cycles (Dt ~ several
minutes) the binders rebound and nn remains constant.
We also found that Ecad adhesion at the extrusion site
altered cytoskeleton/membrane coupling, increasing resis-
tance to membrane flow and tube extrusion. However, this
effect was spatially limited to the cell/bead contact area,
consistent with fine spatial regulation of cell adhesion to the
microenvironment, enabling the cell to maintain local adhe-
sion sites without having a major effect on the properties of
the surrounding membrane and cortex, as required for many
morphogenetic processes, including neuronal contact forma-
tion and maintenance, cell migration, and the formation of
juncture belts in epithelial monolayers. We also observed an
effect of aging on cells, which made it impossible for cells
to give rise to more than two successive extrusions. The
membrane/cortex interactionwas restored remarkably quickly
(in less than 30 s) in the case of Ecad-specific adhesion.
Our results show that Ecad homophilic interaction triggers
the formation of a dense physical bridge between the
membrane and the underlying cortex, modifying the
membrane/cortex interaction and membrane flow properties.
It has been suggested that Ecad adhesion plays a key role in
morphogenesis by regulating cell surface tension (57). The
machinery involved in this process is driven by the underlying
cortical actin cytoskeleton and myosin-II-mediated contrac-
tility; however, further exploration of the links between
Ecad-catenin complexes and the actin cytoskeleton is
required (3,28). This study provides evidence that Ecad-medi-
ated adhesion triggers tight high-energy membrane/cortical
cytoskeleton coupling.
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